SUMMARY: Catalase and peroxidase were markedly decreased in quantity in molybdenum-deficient felts of Neurospora mussa. Addition of molybdenum aseptically and in vivo to mats deficient in molybdenum restored the activities of the two enzymes and the yield of mycelium to the amounts in the control treatments. Infiltration of hydrogen peroxide to growing felts, deficient in molybdenum, after 3 days of growth, resulted in a partial reconstitution of catalase to 18 yo and peroxidase to 5 0 % of the control levels after a further 2 days growth but the weight of mycelium remained unchanged. There was no positive correlation between the activity of either enzyme at various stages of purification and its molybdenum content as determined by a radioassay method. The purified enzymes were not activated by molybdenum. The effect of molybdenum deficiency on the two ironcontaining enzymes is probably indirect, resulting from a decrease in the activity of molybdenum-dependent flavoproteins which produce hydrogen peroxide, the common substrate for catalase and peroxidase.
Infiltration of hydrogen peroxide to growing felts, deficient in molybdenum, after 3 days of growth, resulted in a partial reconstitution of catalase to 18 yo and peroxidase to 5 0 % of the control levels after a further 2 days growth but the weight of mycelium remained unchanged. There was no positive correlation between the activity of either enzyme at various stages of purification and its molybdenum content as determined by a radioassay method. The purified enzymes were not activated by molybdenum. The effect of molybdenum deficiency on the two ironcontaining enzymes is probably indirect, resulting from a decrease in the activity of molybdenum-dependent flavoproteins which produce hydrogen peroxide, the common substrate for catalase and peroxidase.
In recent years molybdenum has been shown to be essential for the metabolism of some micro-organisms, higher plants and animals. Molybdenum is a constituent of nitrate reductase found in some bacteria (Nicholas & Nason, 1954c) , in fungi (Nicholas, Nason & McElroy, 1954;  Nicholas & Nason, 1954a, b), and in green plants (Nicholas & Nason, 1955) . During the enzymic reduction of nitrate, molybdenum undergoes a valency change involving Mos+ and Mo5+ (Nicholas & Stevens, 1955) . When ammonium ion is the only source of nitrogen, however, nitrate reductase does not usually form in plants and the molybdenum requirement, although considerably decreased, is not completely eliminated. Thus molybdenum appears to be required for metabolic processes other than for the reduction of nitrate. The present paper amplifies a preliminary publication in which it was shown that a deficiency of molybdenum in Neurospora crassa, wild type 146, decreased the amounts of catalase and peroxidase obtained in cell-free extracts of the mycelial felts . It is also indicated that the decrease in amount of the two iron-containing enzymes is probably caused by a diminution of hydrogen peroxide production in Mo-deficient felts. Nicholas, 1952 ). The p H was then re-adjusted t o 4.8 with pure NaOH, prepared by passing 5 % (w/v) NaOH through an Amberlite column IRA 400 (OH), (3 ft. by 2 in.) which was well washed with glass-distilled water before use. The micronutrient elements which were added to the media after the purification were spectrographically pure reagents obtained from Johnson and Matthey, Hatton Garden, London, E.C. 1. Biotin was obtained in ampoules containing 25 pg. biotin from the Ashe Laboratories (Leatherhead, Surrey). The medium was dispensed in 200 ml. amounts in 1 1. Erlenmeyer flasks, inoculated with a suspension of the fungus mycelium contained in sterile glass-distilled water, and incubated in the dark at 28'. The cultures were shaken daily to prevent sporulation of the fungus.
METHODS

Organism
Preparation of cell-free eatracts. The mycelial mats from normal and Modeficient cultures, collected separately in Buchner funnels, and washed well in glass-distilled water, were frozen for 3 hr. at -17'. They were then ground in a mortar with three times their weight of cold 0.1 M-phosphate buffer (pH 7.5) and then in a Ten Broeck glass macerater (made to specification by Jencons Ltd., Heme1 Hempstead, Hertfordshire) at 0'. The solutions were centrifuged a t 2000 g for 10 min. at 4'. Over 90 yo of each of the two enzymes was present in the supernatant solutions.
Enzyme assays. Catalase was determined in samples of the extracts by the perborate method (Feinstein, 1949) Radioassay of molybdenum-99 in enzyme fractions. Carrier-free g D M~, as sodium molybdate, was obtained from A.E.R.E. Harwell. Ordinary sodium molybdate (A.R.) was added to the tracer so that 20 pg. Mo was labelled with 4 pC ggMo/l. culture solution. The culture solutions were first freed from Mo by the method of Nicholas (1952) and then inoculated with a suspension of the fungus mycelium, After 3 days of growth, 0.8 pC 99Mo/4 pg Mo as sodium molybdate contained in 5 rnl. glass-distilled water, was added aseptically to each flask containing 200 ml. culture medium. After a further 2 days of incubation the felts were harvested and the enzymes extracted as described above. The two enzymes were fractionated by ammonium sulphate precipita-Effect of molybdenum on Neurospora enzymes 691 tion, carbon adsorption at 4' and by ethanol precipitation a t -15'. The protein fractions, dispensed in 0.1 M-phosphate buffer (pH 7-5) were radio-assayed in an M6 type tube (Veal 16). Isotopic decay and minor scale fluctuations were allowed for by counting a sample of the standard solution used for the treatments after assay of every three or four experimental solutions.
RESULTS
Efect of molybdenum deficien y
The data in Fig. 1 show the effects of molybdenum deficiency on the content of the two iron-containing enzymes in the mycelial felts harvested after 3, 4 and 5 days of growth. The deficiencies of molybdenum in Expts. A, B and C resulted in yields of 35, 50 and 65 yo of the weight of the normal non-deficient felts on the 5th day on growth. Catalase production increased in the normal felts from the 3rd to the 5th day and the amount of peroxidase was usually greater on the 4th and 5th days than on the 3rd day. The effect of molybdenum in decreasing catalase and peroxidase activity was more pronounced at the 4th and 5th days, In Expt. C, where the deficiency was less severe, catalase production was markedly decreased a t the three stages of growth, whereas peroxidase was decreased on the 5th day only. Thus a deficiency of molybdenum seems to decrease production of catalase before that of peroxidase.
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The fungus was grown with various quantities of Mo and the amounts of the two enzymes were determined in extracts of the felts; the results are illustrated in Fig. 2 . An increase in the molybdenum content of the medium from 0 to 4 pg./200 ml. basal solution was paralleled by increased production of the two enzymes in the felts. The maximum activities were reached with 4 pg. Mo/200 ml. basal solution; the addition of 8, 16 and 32 pug. depressed the yields of the two enzymes. Table 1 .
The effects on the weight and the production of the two iron-containing enzymes in the felts of adding Mo aseptically in vivo to normal cultures and to those deficient in Mo, after 3 days of growth, are illustrated in Fig. 3 . The addition of Mo to the deficient felts resulted in a restoration of the weight to about 75 % of that of the normal felts after a further 2 days of growth. The amount of catalase recovered to 85 and 7 5 % of that in normal felts at the 4th and 5th day respectively. After addition of Mo to the deficient felts, the peroxidase activity a t the 4th day exceeded the values in the control felts.
On the 5th day, the peroxidase conteht was about 95 yo of that in the normal felts.
It was not possible to reconstitute the two enzymes to the normal levels by adding 0.1 or 1 pg. Mos+ (as sodium molybdate) or Mo6+ (as molybdenum pentachloride) to homogenates of felts deficient in Mo. Mixing extracts of normal mycelial felts with those from Mo-deficient felts proved that there was neither an inhibitor in the deficient felts nor an activator in the normal ones.
E$ect of hydrogen peroxide
In order to establish whether Mo-deficiency was affecting the formation of the common substrate of the two iron-containing enzymes, hydrogen peroxide in graded amounts was added aseptically to the cultures of normal and deficient felts after 2 days of growth. Treated and non-treated felts were harvested immediately and others after a further 1, 2 and 8 days growth (viz. at the 3rd, 4th and 5th days of incubation), The results for the addition of 6 mg. H,0,/200 ml. culture medium is illustrated in Fig. 4 . The addition of the H,O, had no effect on the weight of felt of the control or the Mo-deficient cultures. On the 5th day catalase activity was partially restored (18 yo of normal) and peroxidase activity showed a 50 yo increase, There was no comparable effect in the control felts. The Mo content of the hydrogen peroxide added, determined by the bioassay method (Nicholas, 1952) was negligible. Thus no Mo was introduced in the hydrogen peroxide, as confirmed by finding no increase in the yield of Mo-deficient felts treated with this peroxide solution. Table 1 .
Purification of catalase and peroxidase in
relation to their molybdenum contents To establish whether or not the effect of Mo-deficiency was on hydrogen peroxide production only, the two enzymes were purified and the Mo content and enzyme activity of the various fractions determined. To facilitate Mo determinations, 4 pc. 99M0/20 pg. Mo were incorporated/l. culture medium. Mycelial felts grown in 4 1. labelled media were used for each fractionation. The 9 9 M~ content of the various fractions were determined by radio-assay.
The results for catalase and peroxidase are given in Tables 1 and 2 . The correlations between the value of 99Mo/mg. protein and the specific activity of 
DISCUSSION
Although a deficiency of molybdenum depressed catalase and peroxidase activities in Neurospora crassa, possibly by decreasing the amount of their common substrate hydrogen peroxide, the mechanism whereby this occurs is not clear. It is known that riboflavin and flavin mononucleotide (FMN) or flavin adenine dinucleotide (FAD) react with oxygen to form hydrogen peroxide (Theorell, 1951) . It has also been shown that some flavoprotein enzymes may be decreased in activity when molybdenum is deficient. Thus nitrate reductase in fungi, bacteria and green plants, which has FAD as the native flavin coenzyme, has been shown to contain molybdenum which undergoes a valence change involving Mos+ and MoS+ during the enzymic reduction of nitrate (Nicholas & Stevens, 1955) . In Pseudomonas Jfluorescens grown a t low oxygen pressure, the electron transfer system is mainly iron-dependent, whereas under high oxygen pressures a molybdo-flavoprotein system became dominant (Lenhoff, Nicholas & Kaplan, 1956 ). Thus a deficiency in hydrogen peroxide in Neurospora crmsa may well arise from a depletion in molybdenumdependent flavoproteins which have the capacity to react with oxygen to form peroxides, this in turn diminishing the degree of induced formation of catalase and peroxidase. 
